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Although nuclear factor (NF)-«B plays a central role in mediating
cytokine-stimulated human inducible nitric-oxide synthase (hiNOS)
gene transcription, very little is known about the factors involved
in silencing of the hiNOS promoter. NF-kB-repressing factor (NRF)
interacts with a specific negative regulatory element (NRE) to
mediate transcriptional repression of certain NF-xB responsive
genes. By sequence comparison with the IFN-g and IL-8 promoters,
we identified an NRE in the hiNOS promoter located at —6.7 kb
upstream. In A549 and HelLa human cells, constitutive NRF mRNA
expression is detected by RT-PCR. Gel shift assay showed consti-
tutive NRF binding to the hiNOS NRE. Mutation of the —6.7-kb NRE
site in the hiNOS promoter resulted in loss of NRF binding and
increased basal but not cytokine-stimulated hiNOS transcription in
promoter transfection experiments. Interestingly, overexpression
of NRF suppressed both basal and cytokine-induced hiNOS pro-
moter activity that depended on an intact cis-acting NRE motif. By
using stably transformed HelLa cells with the tetracycline on/off
expression system, reduction of cellular NRF by expressing anti-
sense NRF increased basal iNOS promoter activity and resulted in
constitutive iINOS mRNA expression. These data demonstrate that
the transacting NRF protein is involved in constitutive silencing of
the hiNOS gene by binding to a cis-acting NRE upstream in the
hiNOS promoter.

he inducible isoform of nitric-oxide synthase (iNOS) cata-

lyzes the production of nitric oxide (NO), which participates
in the physiologic and pathophysiologic conditions of every
organ system (1-7). The NO generated by iNOS from its
substrate L-arginine has beneficial effects (e.g., antimicrobial,
antiatherogenic, antiapoptotic; refs. 8-10), whereas aberrant
iNOS expression and excessive NO production are observed in
a large variety of diseases (e.g., septic shock, multiple sclerosis,
rheumatoid arthritis, ulcerative colitis, and certain cancers; refs.
6 and 11-13).

Although, iNOS activity can be regulated by posttranscrip-
tional mechanisms (14-17), the rodent and human iNOS
(hiNOS) genes are regulated predominantly at the transcrip-
tional level (18-21). Our laboratory, as well as others, has shown
that nuclear factor (NF)-«B and signal transducer and activator
of transcription (Stat)-1 transcription factors play a key role in
mediating the induction of the rodent and human iNOS genes by
lipopolysaccharide (LPS) and/or tumor necrosis factor a (TNF-
a), IL-1B, and IFN-y (22-27). DNA sequence analysis of the
hiNOS promoter from —3.8 to —7.2 kb identified four putative
NF-«B cis-regulatory transcription factor-binding sites upstream
of —4.7 kb. Site-directed mutagenesis of these sites revealed that
NF-«kB motif at —5.8 kb was required for cytokine-induced
hiNOS promoter activity (25, 27).

Although NF-«B plays a central role in mediating cytokine-
stimulated human iNOS gene transcription (28), very little is
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known about the factors involved in silencing of the hiNOS
promoter, especially at its basal level. Previously, we reported
that overexpression of an IkBa superrepressor inhibited NF-«B
DNA-binding activity and suppressed iNOS expression (29). The
tumor suppressor gene product p53 also inhibited hiNOS pro-
moter activity (30). Genes that promote malignant transforma-
tion, such as Ras and RhoA, were recently reported to inhibit
iNOS transcription, whereas genes with tumor suppressor activ-
ity, such as RhoB, enhanced iNOS expression (31). Thus,
repressive regulation of hiNOS transcription is complex and
warrants further elucidation.

NF-«kB-repressing factor (NRF) was identified as a constitu-
tively expressed silencer protein that binds to the negative
regulatory element (NRE) in the IFN-B promoter and represses
the basal transcription of this gene (32-34). Reduction of NRF
protein level through expression of NRF antisense RNA resulted
in basal activation of IFN-B gene transcription (33). In vitro,
NF-«B proteins bind to purified NRF by a direct protein—protein
interaction, and NRF can inhibit NF-«kB-enhancing activity.
Recently, NRF was found to have a dual role in IL-8 transcrip-
tion. In the absence of stimulation, NRF is involved in tran-
scriptional silencing, but, in the presence of IL-1p, it is required
for full induction of the IL-8 promoter (35).

Considering the critical importance of NF-kB in regulating
hiNOS transcription, we hypothesized that NRF might have a
modulatory role for transcriptional repression of hiNOS gene
expression. By comparing the DNA sequence of hiNOS, IL-8,
and IFN-B promoters, we identified a potential NRE binding site
for NRF located at —6.7 kb upstream in the hiNOS promoter.
Using gel shift assays and promoter transfection experiments, we
showed constitutive silencing of the hiNOS gene by NRF binding
to the cis-acting NRE.

Methods

Cell Lines and Reagents. The A549 human lung epithelial cell line
was obtained from American Type Culture Collection (ATCC)
and cultured in F-12K medium (GIBCO/BRL) supplemented
with 10% heat inactivated, low endotoxin FBS (GIBCO/BRL),
100 units/ml penicillin, 100 ug/ml streptomycin, and 15 mM
Hepes (pH 7.4). The human cervix epithelial cell line HeLa was
also obtained from ATCC and cultured in Dulbecco’s modified
Eagle’s medium complemented with 10% FCS, low endotoxin
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Table 1. Sequence comparison of the NRE sites in IFN-B, IL-8, and
hiNOS promoters

Construct NRE sequence

Gene
IFN-B promoter
IL-8 promoter
hiNOS promoter
Oligonucleotide
Core hiNOS NRE (WT —6.7)
Core hiNOS NRE (Mut. —6.7)

(—60) AATTCCTCTGA ( —50)
(—1415) AATTCCTCTGA (—1405)
(—6749) AATTCCTCAGC (—6739)

aat t cJAATTCCTCACGCcgaaca
aat t cgAATTCCCCCGCcgaaca

Underlined nucleotides are the point mutants.

FBS (GIBCO/BRL), 100 units/ml penicillin, 100 pg/ml strep-
tomycin, and 15 mM Hepes (pH 7.4). Unless indicated, cells were
stimulated with a cytokine mixture consisting of 1,000 units/ml
human TNF-« (R & D Systems), 100 units/ml IL-18 (provided
by C. Reynolds, National Cancer Institute), and human 250
units/ml IFN-y (R & D Systems or Roche Pharmaceuticals),
which were purified-recombinant proteins

Plasmid Constructs. The hiNOS promoter reporter plasmid
piNOS(7.2)Luc contains —7.2 kb of upstream 5’-flanking DNA
linked to the luciferase reporter gene and has been described (24,
25). Mutation of the —6.7-kb NRE element was generated from
the piNOS(7.2)Luc reporter plasmid by using the QuickChange
mutagenesis kit according to manufacturer recommendations
(Stratagene). Mutations were confirmed by DNA sequence
analysis by the University of Pittsburgh DNA Sequencing Fa-
cility and are shown in Table 1. Expression plasmids encoding
the human NRF containing the NRE DNA-binding domain
(DBD) and the NF-«B-binding domain (pMBC-NRF or
VP16NRF) have been reported (33, 35).

Transient Transfections and Activity Assays. DNA transfections of
cells were carried out in six-well plates (Corning) by using
Lipofectamine (GIBCO) as described (24, 25). Briefly, cells were
exposed to serum-free medium containing 1 pug of DNA and 20
pg of liposomes for 4 h, washed, and replenished with medium
supplemented with 5% calf serum. Preliminary transfection
experiments showed optimal transfection efficiency and low
toxicity with a DNA:liposome ratio of 1:20. To control for
transfection efficiency between groups, 0.25 ug of a plasmid
containing a cytomegalovirus promoter-driven (3-galactosidase
gene (pIEP-Lacz) was added to each well. As a positive control,
cells were transfected with PRSV-Luc while transfection of the
promoterless plasmid pXP2 served as negative control. Cells
were lysed with Reporter lysis buffer (Promega) or buffer
containing 1% Triton X-100, 5 mM DTT, 50% glycerol, 10 mM
EDTA, and 125 mM Tris phosphate (pH 7.8). Luciferase activity
was assayed with 40 ul of lysate in a Berthold (Nashua, NH)
AutoLumat LB 953 luminometer by using a commercially avail-
able kit (Promega). B-Galactosidase activity was determined as
recommended (Promega) by using a 96-well multiplate reader
with SOFTMAX software (Molecular Devices). Luciferase activity
was normalized to B-galactosidase activity or protein. Cotrans-
fection experiments with NRF expression vectors included an
additional 1.0 ug of the indicated expression plasmid.

Preparation of Nuclear Protein. Briefly, the cytokine-stimulated
cells were washed and scraped into phosphate-buffered solution,
and centrifuged at 4,500 rpm for 5 min in a Microfuge (Beck-
man). The pelleted cells were suspended in buffer A (10 mM
Tris, pH 7.5/1.5 mM MgCl,/10 mM KCl/0.5% Nonidet P-40) at
approximately 10 times the packed cell volume and lysed by
gentle pipetting. Nuclei were recovered by microcentrifugation
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Fig. 1. Endogenous NRF mRNA level in different human cell lines. (A) PCR gel

for NRF and B-actin mRNA. Total RNA was extracted after treatment of cell
with/without CM of TNF-a (1,000 units/ml), IL-1 (100 units/ml), and IFN-g (250
units/ml) for 8 h. RT-PCR was used to detect the mRNA level. NRF and B-actin
bands are indicated by arrows. (B) Relative density was quantified by NIH IMAGE
software.

at 7,000 rpm for 5 min. The nuclear proteins were extracted at
4°C by gentle resuspension of the nuclei (at approximately 2
times the packed nuclear volume) of buffer containing the
following: 20 mM Tris (pH 7.5), 10% glycerol, 1.5 mM MgCl,,
420 mM NaCl, and 0.2 mM EDTA, followed by 30 min of
platform rotation. The nuclear protein suspension was cleared by
microcentrifugation at 13,000 rpm for 15 min. The supernatants
were collected and were frozen at —80°C or directly used in gel
shift assays. All buffers contained the following additions: 1-2
wng/ml each of aprotinin, chymostatin, leupeptin, and pepstatin;
0.2 mM PMSF; 0.5 mM DTT; and 0.1 mM sodium-vanadate. All
steps were carried out on ice or at 4°C. Protein concentrations
were measured by using the Bio-Rad protein assay using BSA as
a standard.

Electrophoretic Mobility-Shift Assays. All oligonucleotides were
ordered from Life Technologies (Grand Island, NY); their
sequences are listed in Table 1. DNA probes were prepared by
end-labeling with [y-3?P]dATP (DuPont/NEN) and T4 polynu-
cleotide kinase (Boehringer Mannheim) and purified in TEN
(Tris-EDTA-sodium chloride) by using G-50 resin columns
(Whatman). Typically, 5 ul (5-10 ug) of nuclear proteins were
incubated with ~100,000 cpm of 3?P-labeled oligonucleotides
(=0.5 ng) for 30 min at room temperature. The nuclear proteins
and various oligonucleotide probes were incubated in a buffer
containing 10 mM Tris (pH 7.5), 10% glycerol, and 0.2%
Nonidet P-40. Additionally, 2-4 pg of poly(dI-dC) (Boehringer
Mannheim) was included as a nonspecific competitor DNA.
Protein-DNA complexes were resolved on 4% nondenaturing
polyacrylamide gels in 0.4X TBE running buffer (450 mM
Tris/borate/1 uM EDTA, pH 8.0). After electrophoresis, gels
were dried and subjected to autoradiography. Antibody super-
shift experiments included the addition of 2 ul of various
antibodies (34).
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Fig. 2. Constitutive binding of NRF to the NRE DNA element in the hiNOS
promoter. Nuclear extracts from A549 cells and Hela cells stimulated for 60
min with CM or left untreated were incubated with radiolabeled hiNOS
promoter putative NRE oligonucleotide. Antibodies against p65 NF-«B (p65),
p50 NF-«B (p50), or NRF (NRF) were added to the binding reactions where
indicated. Competitions with cold unlabeled WT (Cold comp.) or mutant (Mut.
Comp.) hiNOS NRE oligonucleotide were also indicated.

RT-PCR Analysis. First-strand cDNA synthesis was performed with
5 ug of total RNA isolated from the aorta by using Superscript
IT (GIBCO/BRL) according to the manufacturer’s instructions.
The resulting cDNA was amplified by RT-PCR using the fol-
lowing: human beta-actin primers (sense, 5'-ATGGA TGATG
ATATC GCCGC GCT-3', and antisense, 5'-GACTC CATGC
CCAGG AAGG A-3'); human NRF primers (sense, 5'-CCAAA
TTCCA TGCGA GACCT CG-3’, and antisense, 5'-TATTT
TTGGG GATGT CGGCA GG-3'); and human iNOS primers
(sense, 5'-ACAAG CTGGC CTCGC TCTGG AAAGA-3', and
antisense, 5'-TCCAT GCAGA CAACC TTGGG GTTGA AG-
3"). The protocol consisted of 25-30 cycles of incubation at 94°C
for 30 s, 60°C for 30 s, and 72°C for 1 min, followed by extension
for 10 min at 72°C. The amplified actin product (812 bp), NRF
product (561 bp), and iNOS product (507 bp) were analyzed by
2% agarose gel electrophoresis and visualized by ethidium
bromide staining under UV light.

Statistical Methods. Data are presented as the mean * SEM.
Cultures were performed in duplicate or triplicate, and exper-
iments were performed a minimum of three times. Data were
analyzed by the Student ¢ test or analysis of variance where
appropriate, and P < 0.05 was considered statistically significant.

Results

An NRE cis-Element Is Identified in the hiNOS Promoter. Sequence
comparison of the hiNOS gene 5'-flanking region with the NRE
binding motifs in the IFN-B and IL-8 promoters produced three
potential NRE sites located between —8.0 kb and —6.5 kb
upstream in the hiNOS promoter. The most promising match
identified was an 11-nt NRE motif at —6.7 kb (Table 1). To
determine a putative role for NRF in regulating hiNOS tran-
scription, we initially examined for NRF mRNA expression in
several human cell lines. Constitutive expression of NRF mRNA
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Fig. 3. Mutation analysis of NRE-site in hiNOS promoter. Hela cells (A) and

A549 cells (B) were respectively transfected with 1 ug of luciferase reporter
plasmids containing the WT —7.2-kb hiNOS promoter (gray bars) or mutant
—6.7-kb NRE (black bars). Luciferase activity was determined 6 h after stimu-
lation with CM containing IL-1B8, IFN-y, and TNF-a. Values are expressed
relative to the level of luciferase in control (untreated WT plasmid-transfected
cells) and are the means of three independent transfection experiments. *, P <
0.05 vs. control.

was seen in A549, HeLa, and HepG2 human cell lines by
RT-PCR (Fig. 14), consistent with a previous report of consti-
tutive NRF protein expression (33). The addition of a cytokine
mixture (CM) of TNF-a + IL-18 + IFN-y known to induce
iNOS expression did not significantly change the NRF mRNA
levels, although there was a slight down-regulation of NRF
mRNA expression in the HeLa and HepG?2 cells (Fig. 1B).

Constitutive Binding of NRF to the NRE DNA Element in the hiNOS
Promoter. The presence of an NRE-like DNA element does not
indicate functional protein binding or transcriptional regulation.
Therefore, we initially performed gel shift assays with the
hiNOS-specific NRE located at —6.7 kb in the hiNOS promoter.
Nuclear extracts of unstimulated A549 or HeLa cells showed
strong protein binding to the —6.7-kb hiNOS NRE oligonucle-
otide (Fig. 2). This constitutive protein-DNA complex was not
significantly altered by addition of cytokines (CM). Cold com-
petition with excess unlabeled oligonucleotide, along with res-
toration of the protein-DNA complex by competition with a cold
mutant NRE oligonucleotide, indicates specificity of protein
binding to NRE. Supershift of the complex with anti-NRF
antibody confirms identity of NRF in the protein-DNA complex.
Antibody against p65 or p50 components of NF-«B failed to
elicit a supershift.

Basal Repression of hiNOS Promoter Activity Requires a Functional

NRE at —6.7 kb Upstream. To document a role for NRF-NRE
interaction in regulating basal or CM-induced hiNOS transcrip-

Feng et al.
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Fig. 4.

Overexpression of NRF suppresses both basal and CM-induced hiNOS transcription. HelLa cells (A) and A549 cells (B) were cotransfected with 1 g of

empty expression vector (gray bars) or cDNA encoding WT NRF (black bars) together with 0.5 ug of WT —7.2 hiNOS promoter construct and 0.1 pg of
pSV-B-galactosidase. Luciferase activity was determined 6 h after stimulation with CM containing IL-18, IFN-y, and TNF-a. HeLa cells (C) and A549 cells (D) were
cotransfected with 1 ug of empty expression vector (gray bars) or cDNA encoding WT NRF (black bars) together with 0.5 ug of NRE mutant —7.2 hiNOS promoter
constructand 0.1 ug of pSV-B-galactosidase. Twenty-four hours later, cells were stimulated with CM containing IL-18, IFN-y, and TNF-« or left untreated. Six hours
later, cells were lysed, and luciferase activity was determined. Values are expressed relative to the level of luciferase in control (untreated WT plasmid-transfected
cells) and are the means of three independent transfection experiments. *, P < 0.05 vs. control, untreated empty vector cotransfected group; t, P < 0.05 vs.

CM-treated empty vector cotransfected group.

tion, we used a luciferase reporter gene under the control of a
—7.2-kb fragment of hiNOS promoter. Parallel experiments
were carried out with the wild-type (WT) hiNOS promoter
containing an intact NRE, and a mutant —6.7 NRE contained
within the —7.2-kb hiNOS plasmid. The —6.7-kb NRE mutant
was generated by site-directed mutagenesis inserting a two-point
mutation that was previously found to inactivate the NRE (33).
After transient transfection, the WT —7.2-kb hiNOS promoter
displayed low basal transcriptional activity in the HeLa or A549
cells (Fig. 3). As expected, cytokine stimulation induced a 3- to
4-fold increase in promoter activity, consistent with the fold-
induction previously reported (24-27). Mutation of the —6.7 kb
NRE resulted in significant activation of basal hiNOS promoter
activity. This finding is indicative of basal repression of hiNOS
gene transcription by NRF-NRE binding, and is consistent with
the role of NRE in constitutive silencing of the IFN-f and 1L-8
genes (33, 35). Noteworthy is that the increased basal promoter
activity observed with the mutant NRE is nearly comparable to
the level of CM inducibility. Interestingly, mutation of the NRE
did not affect CM-induced hiNOS promoter activity, indicating
that an intact NRE is not essential for cytokine activation of
hiNOS transcription.

Feng et al.

Overexpression of NRF Inhibits Basal and Cytokine-Induced hiNOS
Promoter Activity. To further implicate a role for NRF in repress-
ing hiNOS transcription, we transiently cotransfected A549 and
HeLa cells with —7.2-kb hiNOS promoter construct and the
VP16NREF expression plasmid previously shown to be functional
(33, 35). Overexpression of NRF suppressed both basal and CM
induction of hiNOS promoter activity when an intact NRE was
present (Fig. 4 4 and B). Cotransfection with a control vector for
NRF yielded reporter activity comparable to hiNOS promoter
activity alone. The promoter activity of the unstimulated, vector-
cotransfected cells was normalized to 100% relative light units
(RLU) for both the WT and mutant NRE constructs, to allow
for comparison to the NRF cotransfected cells. Similar results
were seen when the pMBC-NRF expression vector (lacking the
VP16 fusion protein) was used (data not shown). The repressive
effect of NRF was lost when the —6.7-kb NRE was mutated (Fig.
4 C and D), supporting repression mediated by an intact
NRF-NRE interaction.

NRF Is Required for Constitutive Repression of Endogenous hiNOS
Gene Transcription. The experiments described above indicate an
inhibitory role for NRF in regulating hiNOS transcription, but
are performed in the somewhat artificial environment of tran-
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Fig. 5. NRF is required for basal silence of hiNOS promoter. Hela cells were
stably transfected with tetracycline-repressible plasmids pTBC containing the
coding region of the NRF cDNA (NRF) or a 300-bp fragment of the NRF cDNA
in antisense orientation or empty pTBC as described in ref. 35. Tetracycline
(Tet) was removed from the culture medium for 48 h to induce NRF sense or
antisense mMRNA. (A) RT-PCR was used to detect the hiNOS mRNA level in above
stably transfected cells with or without Tet withdrawal. (B) Above cell lines
were respectively transfected with 1 ug of reporter plasmids containing the
WT hiNOS promoter. Luciferase activity was determined 6 h after stimulation
with CM containing IL-18, IFN-y, and TNF-a. *, P < 0.05 vs. vector or sense
transfected cells.

sient promoter transfection experiments. To confirm the sup-
pressive role of NRF on endogenous hiNOS transcription and
subsequent hiNOS mRNA expression, we used stably trans-
formed HeLa cells containing a plasmid expressing antisense
NRF under the control of a tetracycline-sensitive promoter. The
induction of antisense NRF mRNA with tetracycline withdrawal
resulted in efficient reduction of nuclear NRF as previously
determined by Western blot analysis of immunoprecipitated
endogenous NRF (35). The expression of endogenous hiNOS
mRNA was monitored by RT-PCR. No hiNOS mRNA was
detected in the presence of tetracycline (Fig. 54). Withdrawal of
tetracycline in the cells stably transformed with anti-sense NRF
led to a significant expression of endogenous hiNOS mRNA. In
contrast, cells expressing full-length NRF sense mRNA, or cells
transfected with empty vector, showed no endogenous hiNOS
mRNA on withdrawal of tetracycline (Fig. 54). We did not
observe a significant increase in nitrite accumulation with
antisense NRF activation, possibly due to the limits of detection
in these cells (data not shown).

Similar findings were observed when we examined the effect
of antisense NRF on basal hiNOS promoter activity. Withdrawal
of tetracycline in the HeLa cells stably transformed with anti-
sense NRF (but not sense NRF or empty vector) resulted in more
than doubling of basal hiNOS promoter activity in the absence
of cytokines (Fig. 5B). Addition of cytokines produced a 3-fold
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increase in inducible promoter activity, but was not diminished
by activation of antisense NRF with tetracycline removal, con-
sistent with the lack of effect of mutant NRE on CM-induced
hiNOS promoter activity (Fig. 3).

Discussion

Previously, we reported that NF-«B has a critical role in medi-
ating cytokine-stimulated hiNOS gene transcription (25), and
several functional cis-acting NF-«B response elements at —5 to
—8 kb in the human iNOS promoter have been identified
(25-27). In addition, inducible signal transducer and activator of
transcription (Stat)-1 (27) and activator protein (AP)-1 (26)
binding sites have also been reported. However, no information
exists as to the transcriptional mechanisms that govern repres-
sion of hiNOS gene expression. This finding is particularly
important given that hiNOS mRNA is usually absent in resting
human cells, supporting a role for suppressive transcription
factors. The major and novel findings of these experiments are
the following: (7) identification of a specific cis-acting NRE DNA
element at —6.7 kb in the hiNOS promoter that binds NRF and
is involved in constitutive silencing of hiNOS transcription; (if)
determination that overexpressed NRF depressed both basal and
cytokine-induced hiNOS transcription, which depends on an
intact NRE site; and (iii) constitutive expression of hiNOS
mRNA after cellular reduction of NRF by using antisense NRF
mRNA.

NRE-related sequences have been identified in several pro-
moters, including IFN-B, HIV-1, human T-lymphotrophic virus
(HTLV)-1, IL-2Req, and IL-8 (32, 36). The NRE DNA motifs
constitute functionally active silencer elements that bind NRF
and repress the enhancing activity of NF-«B/rel-binding sites
within these promoters (33, 35, 36). Each of these promoters has
one or two proximally located functional NRE binding sites
within 1.5 kb upstream of the TATA box. The hiNOS promoter
NRE at —6.7 kb is the first description of a far upstream NRE
functioning as a transcriptional repressor motif. Supershift ex-
periments in electrophoretic mobility-shift assays demonstrate
that NRF binds to the promoter (Fig. 2). Using —7.2-kb hiNOS
promoter construct, we studied the role of the potential NRE
site located at —6.7 upstream of hiNOS promoter. A mutant
NRE sequence leads to increased basal transcription from the
hiNOS promoter (Fig. 3). This observation is consistent with a
recent report where transfection of a nucleotide —6796 hiNOS
promoter construct produced a 7.7-fold increase in luciferase
activity after cytokine stimulation, whereas transfection of a
nucleotide —6534 hiNOS promoter contract produced a 12.0-
fold increase, suggesting the presence of a negative regulatory
element from —6.8 to —6.5 kb in the hiNOS promoter (37). The
hiNOS NRE site that we identified at —6.7 kb is located in this
region.

The results presented in Fig. 1 show that NRF mRNAs are
detected in all tested human cell lines. This finding indicates that
NRF is abundant and available to participate in transcriptional
regulation of target genes. Lowering the cellular amount of NRF
by antisense mRNA expression resulted in detectable levels of
iNOS mRNA, which was absent in unstimulated cells (Fig. 5).
This derepression indicates the in vivo participation of NRF in
the constitutive repression of hiNOS and highlights its homol-
ogous function in the regulation of basal promoter activity for
the IL-8, IFN-B, and hiNOS genes (33, 35).

CM treatment of HeLa or A549 cells transfected with the WT
hiNOS promoter resulted in more than 3- to 5-fold induction of
promoter activity. The NRE mutagenesis studies (Fig. 3) showed
that NRF functions to inhibit basal transcription, but was not
required for cytokine-stimulated hiNOS promoter activity. In-
terestingly, overexpression of NRF decreased both basal and
CM-induced hiNOS promoter activation dependent on the
intact NRE site at —6.7 kb (Fig. 4). This result contrasts with the

Feng et al.



role of NRF in IL-8 gene expression where NRF repressed basal
IL-8 promoter activity, but was required for strong activation of
the IL-8 gene by IL-1 (35), suggesting that NRF exerts differ-
ential effects depending on cell type, environmental stimulation,
and target gene cis-acting promoter elements. Interestingly,
IFN-vy/IL-4 leads to maintenance of iNOS expression in primary
human airway epithelium through production of soluble medi-
ators (38); however, it is unknown whether NRF expression is
altered in these cells.

It has been shown that NRF functions in promoter regulation
through both DNA-protein interactions (NRF binding to NRE),
as well as protein—protein interactions. NRF interacts directly
with NF-«B proteins by an active repression mechanism (33, 35).
There are multiple functional NF-«kB elements in the hiNOS
promoter (25-27). The NF-«B elements from —5.5 to —6.1 kb
in the human iNOS promoter are spaced in approximate mul-
tiples of nucleosome units (200 bp), and this spacing may
contribute to the 3D structure necessary for efficient hiNOS
transcription. NRF contains a separable and position-
independent repression domain (33). This repressing domain
might contribute to its function in hiNOS via a suitable DNA-
binding domain located at —6.7 and influence the 3D structure.
Actually, we did observe that cotransfection of NRF expression
plasmid decreased NF-kB reporter construct activation (data
not shown). Unlike IFN-B and IL-8, the NRE site in hiNOS does
not overlap the NF-«B sites in hiNOS promoter. Instead, there
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is a distance of ~1 kb between the —6.7-kb NRE site and
important NF-«kB binding sites downstream at —5.8 kb and
upstream at —8 kb in the hiNOS promoter (25-27). It is possible
that the 3D DNA folding approximates NRF, with the NF-«B
proteins allowing for direct protein—protein interaction. This
result would be consistent with the ability of NRF to elicit an
inhibitory effect on NF-«B elements at distances up to 2.5 kb
from NRE (34).

Another noteworthy finding in this study is that reduction by
antisense NRF mRNA derepressed hiNOS expression (Fig. 5),
further confirming that the constitutive transcriptional silencing
of hiNOS is mediated by the nuclear content of NRF in
unstimulated cells. Because hiNOS expression has such pro-
found physiologic effects, its basal regulation is strictly con-
trolled. The expression of hiNOS and subsequent production of
NO serves a protective role by increasing perfusion to the viscera
and sites of inflammation. However, sustained overproduction
can have detrimental effects, including refractory hypotension,
cellular injury, and apoptosis (39). Thus, understanding the
mechanism involved in basal repression of hiNOS gene might
lead to new strategy for treatment of diseases.
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